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Abstract 

This study aimed to develop a plasticized starch (PS) based film loaded with chitosan 

nanoparticles (CNPs, 1, 2, 3, and 4%) as a reinforcing and antibacterial agent. We examined 

the morphology, biodegradability, mechanical, thermo-mechanical, and barrier properties of 

the PS/CNPs films. The antimicrobial activity against both Gram-positive (S. aureus) and 

Gram-negative (E.coli) bacteria was investigated by colony forming unit (CFU) and disc 

diffusion methods. A dense structure was obtained for all PS/CNPs films and, thus, their 

complete biodegradation occurred in more days than neat PS. The increase in the CNPs 

percentage led to improved mechanical behaviour and barrier properties. PS-CNPs composite 

films revealed inhibition zones against both E.coli and S. aureus, with the 100% reduction in 

CFU against S. aureus. The current study exhibited that PS-CNPs films were more effective in 

inhibiting bacteria growth than neat PS film, confirming the composite films potential 

application as antimicrobial food packaging. 

 

Keywords: Starch/chitosan nanocomposites; Antimicrobial activity; Food packaging. 
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1. Introduction 

Increasing demands in terms of ready to eat foods, including sandwiches, mixed salads and 

fresh-cut fruits, by consumers have forced the food technologists and researchers to find out 

innovative approaches that can inhibit the microbes’ growth and improve the durability of 

foods [1]. Antimicrobial nanocomposite strategy is an auspicious preservation practice that can 

hinder the growth of microbes in the food systems, as well as extend the shelf life of foods [2]. 

Indeed, antimicrobial agents loaded nanocomposite materials could progressively release the 

antimicrobial agents on the surface of foods in order to improve their shelf life by combating 

the microbial growth [3]. Biopolymers have successfully been recognized as promising 

materials for food packaging, because they are completely biodegradable, inexpensive, 

renewable and globally present in the markets [4-7]. Among them, thermoplastic starch, 

obtained from native starch with a disruption of its structure and related crystallinity decrease 

[8], is gaining a lot of interest. Numerous plasticizers, including sorbitol, glycerol, and water, 

are being used to obtain thermoplastic starch. While comparing with other thermoplastic 

biopolymers, thermoplastic starch has exhibited two leading drawbacks, i.e. higher water 

sensibility and weaken mechanical characteristics [9]. In order to beat the aforementioned 

constraints, the loading of reinforcing agents, including whiskers, nanoparticles, and 

nanofibers, in the starch matrix offers great avenues to develop starch-based nanocomposites 

[10-12].  Nevertheless, there are numerous assumptions regarding poisonousness of 

nanoparticles, that could penetrate into the human tissues, because of their very small diameter 

(<100 nm), resulting in severe damage to the human skin [13], [14]. On the other hand, 

nanoparticles fabricated by natural biopolymers, e.g. cellulose, chitosan, pectin, alginate, have 

been widely used as nanofillers [15], and are commonly recognized as safe and edible without 

any side effect. Amongst them, chitosan nanoparticles (CNPs), derived from crab or shrimp 

shells and fungal mycelia, have recently gained more popularity as a substitute to micro-sized 
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reinforcements in biocomposite materials [9], and have successfully been used in water 

treatment, textile industry, food coating, food packaging and nanocomposites [5], [16], [17]. 

Moreover, recent investigations have proposed that incorporation of CNPs into the 

biopolymers can provide antimicrobial functionalities, since chitosan display virtuous 

antimicrobial properties. For example, a recent work by Vahedikia and co-workers reported 

that loading of 4% CNPs into biodegradable zein films significantly contributed to the tensile 

strength enhancement, associated to a decreased elongation, and  allowed to induce an 

inhibitory zone particularly against Escherichia coli (E. coli) and Staphylococcus aureus (S. 

aureus) [18]. Similarly, in another study, the influence of CNPs coating was examined on the 

microbiological property of fresh-cut apple slices. It was reported that CNPs coating could 

constrain growth of yeasts, molds, psychotropics, yeasts, and mesophilic bacteria on apple 

slices consequently naked out the strong usage of CNPs in antimicrobial composites [19]. 

Therefore, CNPs could be proposed as potent nanofillers for development of reinforced 

antimicrobial nanocomposites. 

In this framework, the aim of the present study was to evaluate the influence of CNPs loading 

on the physico-mechanical, biodegradation and antimicrobial properties of the starch-based 

nanocomposites.   
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2. Materials and methods 

2.1. Materials 

Chitosan (low molecular weight) and corn starch (5% amylose and 65% amylopectin) were 

purchased from Sigma-Aldrich, USA and Alborz Starch Co., Iran, respectively. Acetic acid, 

glycerol, methanol, acetone, methacrylic acid and malt extract agar (MEA) were supplied by 

Merck Chemical Co. (Darmstadt, Germany) and Minatajhiz Co. (Tehran, Iran). The stock 

culture of white rots fungus (Trametes versicolor), used as selected fungus, as well as E. coli 

and S. aureus were provided by the National Collection of Biology Laboratory, University of 

Tehran (Tehran, Iran). Brain heart infusion (BHI), tryptic soy (TS), and Luria–Bertani (LB) 

media were supplied by Difco (Detroit, USA). 

2.2. Preparation of CNPs 

CNPs were engineered by means of ionotropic gelation of chitosan (1% (w/v)), using sodium 

tripolyphosphate (1% (w/v)) [20], with little adjustments. In this regard, chitosan solution was 

prepared, using 2% (v/v) acetic acid. Subsequently, 8 mL of TPP aqueous solution was added 

dropwise (rate of 1 ml/min) into 200 ml of chitosan solution under continuous magnetic stirring 

at room temperature. The prepared mixture was maintained on stirrer for 30 min, submitted to 

sonication for 30 min, and, finally, centrifuged at 12,000 rpm for 20 min. The obtained 

precipitates were washed with water, centrifuged again twice, washed with ethanol, and 

subsequently dried out. 

2.3. Preparation of CNPs-loaded plasticized starch-based nanocomposite 

CNPs suspension was prepared by ultrasonication in a solution of refined water (100 ml) and 

glycerol (1.5 g) for 30 min. Then 5 g corn starch were added. The various concentrations of 

CNPs (1, 2, 3 and 4 wt. %) were related to the starch amount. The mixtures were heated at 90 

°C for 30 min under continuous stirring to induce starch plasticization. For the production of 

PS-CNPs composite films, the mixtures were cast into Petri dishes and dried at 50 °C about 6 
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h, in an oven. The obtained samples were preconditioned at 25 °C and 50% RH, in a climate 

chamber, for at least 48 h prior to the characterisation. The films water content was around 10 

wt. %, determined by standard oven drying method. 

2.4. Characterization of CNPs  

2.4.1. Atomic force microscopy  

Atomic force microscopy (AFM) was employed to investigate the size distribution and 

morphological characterization of CNPs-PS suspensions. A drop (0.05 mg/ml) of diluted 

CNPs-loaded nanocomposite suspension was placed on the clean glass surface, and kept at 25 

°C for drying. All images were acquired in tapping mode using resonance frequency of 150–

190 kHz, silicon probe cantilever of 230 micron length, spring constant of 20–60 N/m, tip 

radius of curvature of 5–10 nm, scanning rate of 1 Hz. 

2.4.2. Particle size distribution 

The CNPs size distribution within the nanocomposite suspensions was measured through a 

Zetasizer Nano ZS 3300 (Malvern Instruments Ltd., United Kingdom), based on the dynamic 

light scattering phenomenon. All samples were diluted 100 times, and the diluitions were filled 

inside the glass cuvette with square aperture, and then scattering intensity was detected at 

25 °C. 

2.5. Characterization of CNPs-loaded PS films 

2.5.1. Physical properties 

Water absorption (WA) analysis was carried out using ASTM standard E104. For water 

absorption test, samples with dimensions of 2 × 2 cm2 were separated from PS, PS-1CNPs, PS-

2CNPs, PS-3CNPs, and PS-4CNPs composites, further dried at 60 °C for 24 h, and kept inside 

the desiccator comprising calcium sulphate (RH = 0%) for 3 days. Subsequently, the initial 

samples weight was recorded. Then, all samples were put into a desiccator encompassing 



 7 

potassium sulfate (RH = 98%), and time required to achieve a constant weight was detected. 

Finally, WA of all samples was measured by the following equation (Eq. 1).  

𝑊𝐴 =
𝑊1−𝑊0

𝑊0
× 100                                                                                                              (1) 

where W1 and W0 are the sample weight the after exposure to 98% RH and the initial sample 

weight, respectively. All tests were carried out in triplicates to provide mean values.  

Water vapor transmission rate (WVTR) tests were carried out gravimetrically by adopting the 

ASTM standard E 96 (1996) [21], with little adjustments. All samples were stored inside the 

chamber comprising calcium sulfate in order to offer a constant 50% RH at 25 °C for 24 h. At 

that point, all samples were organized on glass cups holding calcium sulfate (3 g), which 

delivers 0 % RH. Firstly, the cup assemblies were weighed out by electronic balance and 

transferred into a desiccator having controlled temperature zone (25 ± 0.5 ⁰ C) and RH (98 ± 

2%). Weight changes in function of time were recorded. A simple linear regression method 

was employed to determine the slope of the linear portion.  

WVTR was measured by using Eq. 2:  

𝑊𝑉𝑇𝑅 =
𝐺

𝑡

𝐴
=

𝑆𝑙𝑜𝑝𝑒

𝑇𝑒𝑠𝑡 𝑎𝑟𝑒𝑎
                                                                                                           (2) 

where G, t, A, G/t are the changes in the weight (g), the time (h), the area exposed to moisture 

transfer (m2), the slope attained from a chart between changes in weight and time, respectively. 

Linear regression of complete information presented a correlation coefficient >95%. 

Water vapor permeability (WVP) was evaluated by using Eq. 3:  

𝑊𝑉𝑃 =
𝑊𝑉𝑇𝑅

𝑃×(𝑅1−𝑅2)
× 𝑋                                                                                                           (3) 

where P,  X, R1 and R2 are the saturation water vapor pressure at 25 °C (Pa), the film thickness 

(m), the RH in the desiccator (98% RH), and the RH in the cups (0% RH), respectively.  

2.5.2. Mechanical testing 
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ASTM standard (D889) was adopted to investigate the mechanical properties of composites. 

Before examining, all samples (70×10 mm2) were stored in a desiccator at room temperature 

and 55% RH for a week. The tensile tests were performed with an Instron mechanical machine 

(M350-10-CT) equipped with a crosshead speed of 4 mm/min, gauge length of 50 mm, and a 

500 N load cell. The elastic modulus was determined through initial slope of the tensile curves. 

For each composite kind, five samples were analyzed and the mean values and related standard 

deviations are presented.   

2.5.3. Dynamic mechanical thermal analysis (DMTA) 

PS-CNPs dynamic mechanical thermal behaviour was investigated from -50 to 150 °C (heating 

rate of 2 °C/min), employing a Mark Netzsch DMA242 analyzer, operating at 3.33 Hz 

frequency in tensile mode. All films were cut into rectangular samples (approximately 

20.0 × 5.0 × 0.6 mm3), and the tests were performed in triplicate in order to provide average 

values and related standard deviation.  

2.5.4. Biodegradation analysis  

The composites biodegradation analysis was performed, using a white rot fungus (i.e. Tinea 

versicolor) and samples with cross dimensions of 

20.0 × 10.0 × 0.4 mm3 (length × width × thickness). Afterwards, they were put into an oven at 

70 °C overnight and, primary weight of each sample was documented. The filtered fungus was 

poured into the Petri dishes comprising MEA, and Petri dishes were incubated at 25 °C and 

90% HR for 24 h in order to completely cover culture medium by the fungus, after that, all 

samples were transferred into the Petri dishes comprising culture medium. In order to avoid 

direct contact with culture medium, all samples were mounted over 2 mm stages. All Petri 

dishes encompassing all samples and the fungus medium were kept inside the incubator 

operating at 25 °C and 75% RH. The rate of biodegradation for all samples was assessed by 
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weight difference before and after exposure of all samples to the white rot fungus for 2 months, 

with regular intervals of 10 days.  

The rate of fungus degradation was measured by following Eq. (4).  

𝐷𝐸 =
𝑊0−𝑊1

𝑊0
× 100                                                                                                                                (4) 

where DE,  W0, W1  are the biodegradation rate (%) of the film,  the initial sample  weight, 

and  the dry weight of the residual sample after exposure to the white rot fungi for a specific 

time, respectively. 

2.5.5. Scanning electron microscopy (SEM) 

The cross-sectional and surface appearance of all composites were inspected before and after 

degradation phenomenon through a SEM, model ZEISS Ultra 55, Germany. After 

biodegradation tests at 25 °C, all samples were separated from the culture medium, and 

cautiously cleaned by purified water in order to eradicate the fungal mycelium. Before the SEM 

observation, all samples were sputter coated with gold for 30 s under vacuum (10-2 Torr). The 

operating acceleration voltage was fixed at about 10 kV.  

2.5.6. Antimicrobial properties 

2.5.6.1. Colony forming count method 

The produced composites antimicrobial behaviour was investigated by means of the colony 

forming count method as reported by Rhim et al. [22]. Two microorganisms, i.e. E. coli and S. 

aureus, were used as Gram-positive (G-positive) bacteria and Gram-negative (G-negative) 

bacteria, respectively. Briefly, square specimens (10×10 cm2) were inserted in sterile flasks. S. 

aureus and E. coli strains were cultured, under aerobic conditions for 24 h, in TS broth at 30 °C 

and BHI broth at 37 °C, and, respectively. The prepared inocula (100 mL per each) were diluted 

10 times in broth and then aseptically transferred to the flasks comprising the PS composite 

films to obtain a concentration ca. 2.0×106 CFU/mL. A bacterial cells inoculum in a flask 

without composite films was considered as control. The flasks were placed in a shaker 
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incubator (S-150 Model, Stuart, UK) at 100 rpm and 30 ⁰ C. Samples were periodically taken 

and plated on the BHI and TS agar media for G-positive and G-negative bacteria, respectively, 

and then incubated for 48 h at 37 ⁰ C and 30 °C for BHI agar and TS agar, respectively. Every 

test was conducted in triplicates and the data stated as the mean CFU/mL. 

2.5.6.2. Disc diffusion method 

This test was performed according to Dehnad et al. [23] with slight modifications. A loop of 

each bacterium (E. coli and S. aureus) was inoculated in 50 mL LB sterile medium. Then the 

cultured bacterial strains (in LB) were agitated at 200 rpm for 24 h at 37 ⁰ C in a shaker 

incubator (S-150 Model, Stuart, UK). Various dilution series of bacterial populations were 

prepared using peptone water. The plasticized starch films reinforced with CNPs were cut into 

disc shape samples (diameter of 1.5 cm), placed on LB agar plates, and incubated at 37 °C for 

24 h. The antimicrobial activity was qualitatively evaluated on the basis of the diameter of the 

inhibitory zone nearby the contact area of the film with agar surface. Agar plates were earlier 

seeded with 0.1 mL (equal to about 106 CFU/mL of bacterial strains) overnight, and the strains 

were incubated at 37 °C for 24 h. 

2.6. Statistical analysis 

The obtained data were subjected to one way analysis of variance (ANOVA) and the 

significance differences between the means of groups were compared by Duncan’s multiple 

range test at significance level of 0.05 using SPSS software (V23, SPSS Inc., USA).   

 

3. Results and discussion 

3.1. Characterization of CNPs 

AFM imaging is being used as an efficacious approach to investigate the size distribution and 

surface morphology of nanoparticles. AFM images established the nanosized and spherical 

structure of CNPs, as shown in Fig. 1a. The size distribution directed that most of CNPs were 
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found in the range of 28.5-51.4 nm (Fig. 1a). Though, CNPs size observed in this study is 

smaller as compared to previous works, very probably due to the different chitosan and TPP 

concentrations, even if the same procedure was followed, as evidenced by Calvo and his co-

authors [24]. For instance, de Moura et al. declared a particles size in the range of 85-221 nm, 

stating that lowest concentration of TPP and chitosan offered minor droplets size [25]; Chang 

and co-workers reported a 50-100 nm range for the particle size distribution in the case of CNPs 

fabricated by using 1% (w/v) chitosan and TPP [26].  

Dynamic light scattering approach was exploited to explore the particle size distribution and 

mean particle size of fabricated CNPs. Fig. 1b confirms a particle size distribution profile for 

all kinds of CNPs with a diameter range between 7.3 nm and 125.17 nm, proposing a fine size 

distribution (polydispersity index <1). It has been reported that nanoparticles size measured in 

hydrated state was higher to some extent as compared to the nanoparticles size observed in 

dried state [27]. 

 

3.2. Characterization of composite films 

3.2.1. Physical properties 

The water absorption of the neat PS and composites entrapped with CNPs was examined at a 

98% RH. In the initial step, an increasing trend in the moisture absorption of the neat PS and 

CNPs-loaded composites was reported; whereas, a plateau trend in water uptake was observed 

at the final hours of the experiments (Fig. 2). Furthermore, the water uptake of PS-1CNPs, PS-

2CNPs, PS-3CNPs, and PS-4CNPs composites was significantly lower with respect to neat PS, 

and it progressively decreased increasing the CNPs concentration. The minimum reduction was 

observed for PS-4CNPs composite as compared to other composites. Comparable findings 

were also reported by Hietala et al. [10], ascribing them to branch and amorphous structure of 

starch.  
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In order to reduce the influence of water vapor, starch-based composites should prevent, or at 

least be able to minimize the moisture level, moisture transfer with the surroundings, meaning 

that WVP should be minimized as much as possible. The WVP and WVTR values of PS and 

PS-CNPs films were determined and related data are collected in Table 1, indicating that water 

vapor easily permeated all the PS based samples. The neat PS film exhibited the highest WVP 

and WVTR values, whereas a progressively declining trend in WVP and WVTR values was 

observed when 1-4 wt.% CNPs were added to the PS matrix. Similar findings were previously 

observed for sago starch plasticized with glycerol [28]. The loading of CNPs into the 

polymeric-based matrixes probably led to the obtainment of denser and less permeable 

structures. In addition, an efficient interfacial adhesion and compatibility between the starch 

matrix and CNPs might be a leading reason to confine the moisture diffusion rate.   

 

3.2.2. Mechanical properties 

Table 2 collects the mechanical properties of all fabricated composites, in order to evidence the 

CNPs influence  

on the mechanical behaviour of the produced films. As nanofillers inside the starch-based 

composites, CNPs exhibited an apparent enforcement influence. A significant and progressive 

improvement of the tensile strength (TS) and the Young’s modulus (E) values of all composites 

by increasing the CNPs concentration was revealed, whereas a declining trend in terms of 

elongation at break (EAB), as expected. In details, a remarkable increment in tensile strength 

from 9.54 to 24.91 MPa and in Young’s modulus from 16.50 MPa to 47.11 MPa was detected 

varying the CNPs content from 0 to 4 wt.%, while the elongation at break declined from 

51.01% to 34.29%. These experimental evidences might be ascribed to the good interphase 

between CNPs and PS, owing to the identical polymeric structures of starch and chitosan, to 

the development of hydrogen bonding arrangement and also to the entanglement of nanofillers 
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[29]. Furthermore, the establishment of hydrogen bonding  can produce a sturdy boundary 

among two phases including matrixes and nanofillers [30]. Thus, CNPs acted as an effective 

reinforcing agent, increasing the tensile strength and decreasing the elasticity of PS films. 

 

3.2.3. Dynamic mechanical thermal properties 

DMTA is the most suitable characterisation technique to estimate the enhancement in stiffness 

of composite materials, due to the encapsulation of nanofillers [31]. Fig. 3 represents the 

storage modulus (E’) and the tan δ vs the temperature of the produced composites. It is well 

known that usually the storage modulus reduces by increasing the temperature [32], as 

presented in Table 3, which collects the E’ values for all prepared films at two diverse 

temperatures, i.e. 25 °C and 70 °C. Fig. 3a depicts that the storage modulus (E’) of PS-CNPs 

composites improved by loading CNPs nanofillers. Such enhancement was more expected 

because of strong and good interaction between CNPs and PS matrixes [21]. E’ results of the 

PS-CNPs composites at room temperature were in accordance with findings obtained from 

tensile analysis (Table 2). All composites storage modulus comprising 1-4 wt% CNPs at 25 °C 

increased to 1258, 1520, 1740, and 1810 MPa, respectively, whereas neat PS presented the 

lowest value, i.e. 462 MPa. This result might be attributed to the production of an arrangement 

of CNPs after vaporization of water as well as the development of satisfactory cross-linkages 

between the matrixes phases in the produced composites [33], [34]. Similarly, it is expected 

that the CNPs nanofillers constrained the movements of molecular chains of the PS, thus 

enlightening its thermal stability [35]. Fig. 3b illustrates how CNPs nanofillers can impact on 

the tan δ at the topmost point of the curve. The changes in the tan δ of PS-based films fortified 

with nanofillers were hardly to evaluate, for that reason tan δ was not properly precise. 

However, the DMTA analysis were investigated in triplicate in order to make sure the data 

accuracy, and similar curves were obtained in all cases, in agreement with a study on potato 
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starch films [36]. Table 3 highlights the tan δ peak temperature values, correspondent to the 

material glass transition temperature (Tg), designed for all produced PS and PS/CNPs films. 

The peak site for the PS happened at 46 °C, and improved to 77, 83, 101 and 103°C for CNPs-

loaded PS-composites. This increment in values of tan δ by means of temperature specifies that 

the produced composites could become more viscous after rising the temperature. This 

improvement in storage modulus as well as the tan δ peak shift for PS-CNPs composites might 

be because of the potent interaction among polymeric matrixes and nanofillers, that have the 

ability to restrict the polymeric chains segmental mobility in the neighbourhood of the 

nanofillers [37]. In conclusion, our findings approved that the CNPs addition to the PS matrix 

allowed to significantly improve the polymer dynamic mechanical properties. 

 

3.2.4. Biodegradability of PS and PS-CNPs films 

The PS and PS-CNPs films biodegradability was examined using white rot fungi (T. versicolor) 

and calculating the loss in weight at regular intervals of time. Fig. 4a displays the loss in weight 

in function of the elapsed time during the degradation process. As a result of rising the 

decomposition time, the films firmness decreased. All films exhibited a fast degradation 

process during storage of first 30 days. After 20 days, almost 50 wt % loss in weight of the 

total solids was detected for all samples. Our findings depicted that PS completely degraded in 

40-50 days of storage, whereas fully degradation of the CNPs-loaded composites occurred in 

50-60 days. Thus, the addition of CNPs allowed providing a superior resistance in response to 

degradation in comparison with neat PS. This could be accredited to the denser assembly and 

crystallinity property of CNPs that was entrapped inside the starch matrixes, in order to restrict 

the damaging enzymatic performances [38]. It has to be taken into account that numerous 

factors, such as a wide range of microbes and their existence, the accessibility of carbon-based 
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sources, and time duration of the observation period, can affect the degradation phenomenon 

of PS [39].  

The microbes have a potent potential in the existence of carbon/hydrogen groups. In terms of 

PS-CNPs, the substitution groups of CNPs with the hydroxyl groups while modification led to 

the significant reduction in the rate of decomposition as well as the microbes action [40]. Fig.4b 

presents the visual aspect of PS and PS-CNPs films exposed to the white rot fungi up to 40 

days for neat PS and 60 days for composite films, at intervals of 10 days. It was concluded that 

all samples significantly eroded: the original shape of all samples was lost by over time and it 

can be clearly perceived that samples color changed from yellow to dark brown. However, this 

process was faster in the case of neat PS. Thus, our findings obviously proved that the CNPs 

can enhance the degradation span of all produced composites with respect to neat PS.  

 

3.2.5. Morphology of composites 

The possible variations occurred in the structure and morphology of composites were 

successfully investigated before and after treatment with fungi. SEM micrographs of the neat 

PS and PS-CNPs surfaces are presented in Fig. 5. Neat PS film exhibited smooth surface as 

compared to other composites, with exceptional structure integrity (Fig. 5A). Diverse changes 

in structure of composites surface were reported after encapsulation of CNPs into the PS-based 

composites.  PS-1CNPs film was characterised by a very homogeneous and uniform CNPs 

dispersion within the polymeric matrix, without noticeable aggregation (Fig. 5B), whereas the 

presence of small aggregates could be evidenced for PS-2CNPs (Fig. 5C), and PS-3CNPs (Fig. 

5D) samples. Moreover, whereas the agglomeration of CNPs was clearly observed at the 

highest nanofiller content (4%, w/w) (Fig. 5D). However, a dense morphological structure was 

observed by loading of different concentrations of CNPs as compared to the pure PS. This 

enlightened through the amended barrier and mechanical properties of produced composites 
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because of excellent bonding network among polymer and nanofillers. Our results are 

correlated with the findings of Chang et al. [26], who studied on starch-based composites 

loaded with nanoparticles. Fig. 5 points out the clear SEM results of the PS and the PS-CNPs 

composites after exposure to the fungus medium for 30 days of storage, wherein a clearance 

development of fungal and mycelium rudiments could be seen on the samples. After exposure 

to the fungus medium, all composites gained rough structure, as well as a decrease in the 

thickness. The results predicted that the therapeutic effect of fungi decreased by varying the 

surface of nanofillers from hydrophilic to hydrophobic.   

 
 

3.2.6. Antimicrobial properties 

The antimicrobial activities of the neat PS film and of its composites, i.e. PS-1CNPs, PS-

2CNPs, PS-3CNPs, and PS-4CNPs were analyzed against E.coli and S. aureus by MEANS OF 

agar disc diffusion and the colony-forming count methods. The results of the agar disc diffusion 

method for PS film and its composites with 1, 2, 3 and 4% CNPs are shown in Fig. 6a-d and 

Fig. 7a-d. As evident, no inhibition zone against E. coli or S. aureus was revealed in the case 

of the control PS film (without CNPs) (Fig. 6 and Fig. 7), therefore presenting no antibacterial 

activity, as expected [41-43]. On the contrary, the incorporation of CNPs in PS film resulted in 

the inhibitory zones against both G-negative and G-positive bacteria, as evident in Fig. 6a-d 

and Fig. 7a-d. The results also demonstrated that the CNPs concentration increment from 0% 

to 4% in PS film led to a progressively higher antibacterial activity against both G-negative 

and G-positive bacteria, as testified by the progressively larger inhibition zone area. This could 

be due to the effective antimicrobial activity of the CNPs [44], in agreement with Ali et al. [45] 

who claimed the increased concentration of CNPs from 0.01% to 0.04% in polyethylene 

terephthalate film led to increasing the antimicrobial activity against S. aureus. Moreover, 

comparing Fig. 6 and Fig. 7, it is evident that CNPs were more efficient in inhibiting G-positive 
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bacteria than G-negative bacteria, and S. aureus was more susceptible to CNPs than E.coli. 

This finding is similar with results by Antoniou et al. [16] who stated that G-negative bacteria 

were more resistant to the CNPs than G-positive bacteria. Moreover, Hosseini et al. [46] 

reported that the gelatin film loaded with CNPs did not show inhibition zone on G-negative 

bacteria (E.coli). This attribute could be due to the fact that the negative gram bacteria present 

a composite cell wall structure with thin peptidoglycan layer banded by an outer membrane; 

therefore, the CNPs initially attach to the outer cell membrane of bacteria, which includes 

phospholipids, lipopolysaccharide, and lipoprotein, reducing their adhesion. On the contrary, 

the G-positive bacteria own a thick cell wall structure with peptidoglycan multilayers, and, 

thus, the CNPs could immediately connect to their outer cell wall, equipped of many pores to 

allow CNPs quick penetration into the cells. Thus, the CNPs could be able to disrupt the 

cytoplasmic membrane, causing the intracellular content leakage and cell death [47]. 

Additionally, Shapi’i et al. [43] stated that the non-volatile character of CNPs could limit the 

effectiveness of their antimicrobial activity against gram-negative bacteria. 

Additionally, the antimicrobial behaviour of PS, PS-1CNPs, PS-2CNPs, PS-3CNPs, and PS-

4CNPs samples was also examined by applying the CFU counting to confirm the findings 

obtained with the disc diffusion method. The results of the CFU method for PS film and its 

composites against E.coli and S. aureus are reported in Table 4a-d. The findings showed that 

the control PS film (without CNPs) did not own antimicrobial activity, and the number of 

colonies increased for both E.coli and S. aureus under all concentrations during contact time. 

On the contrary, the inhibitory action of PS-CNPs films progressively enhanced with increasing 

the CNPs concentration from 1% to 4%, leading to a greater antimicrobial effect. On average 

a reduction in CFU of 53.16%, 68.02%, 77.60% and 81.77% for E.coli was obtained in 

presence of PS-1CNPs, PS-2CNPs, PS-3CNPs, and PS-4CNPs respectively. Moreover, a much 

higher reduction in the CFU for S. aureus was revealed for all CNPs concentrations. The results 
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showed that the PS-CNPs films in all concentrations (1%-4%) provided full reduction (100%) 

for S. aureus, displaying that PS-CNPs films were more effective in inhibiting G-positive 

bacteria growth than that of G-negative bacteria, and, thus, confirming the disc diffusion 

method findings. 

 

Conclusions 

Neat PS film and PS-CNPs films were successfully prepared, incorporating within PS matrix 

synthesised CNPs in different concentrations (1%-4%) as a reinforcing agent and an active 

antimicrobial agent. Neat PS film exhibited smooth surface, while PS-CNPs composites 

presented rougher surface and the presence of CNPS agglomerates increasing the nanofiller 

content (4%, w/w). The tensile strength, Young’s modulus, WVP, and water uptake of films 

were improved with an increase in CNPs. Moreover, the antibacterial action was demonstrated, 

and biodegrading duration of bio-composites moderately increased with respect to 

thermoplastic starch composite. PS-CNPs films showed excellent antimicrobial properties 

against both G-negative and G-positive bacteria, resulting more effective in inhibiting G-

positive bacteria growth; besides, the antimicrobial impact progressively enhanced with 

increasing the CNPs concentration. Overall, this study suggests that CNPs loaded PS films own 

excellent potential to be exploited as active food packaging. 
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Table captions 

Table 1. WVP and WVTR results of the plasticized starch nanocomposites.  

Table 2. Mechanical attributes of plasticized starch nanocomposites. 

Table 3. Storage modulus (E’) and glass   transition temperature (Tg) (from the top peak of tan 

δ curve) values of the produced PS-CNPs composites. 

Table 4a-d. The colony forming count of a) PS-1CNPs, b) PS-2CNPs, c) PS-3CNPs and d) 

PS-4CNPs films against Escherichia coli and Staphylococcus aureus 
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Tables 

Table 1. WVP and WVTR results of the plasticized starch nanocomposites. 

 

 

 

  

 

 

 

 

  

WVTR 

 (g.m-2.h-1) 

WVP 

(g.m−1 s−1 Pa−1) 

Samples 

31.97±0.92 a 2.10×10-7±0.06×10-7 a PS 

30.27±0.71 a 2.05×10-7±0.04×10-7 a PS-1CNPs 

28.04±0.84 b 1.90×10-7±0.05×10-7 b PS-2CNPs 

27.22±1.02 b 1.81×10-7±0.03×10-7 c PS-3CNPs 

25.03±0.69 c 1.69×10-7±0.05×10-7 d PS-4CNPs 
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Table 2. Mechanical attributes of plasticized starch nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

E (MPa) TS (MPa) EAB (%) Samples 

16.50±1.10e 9.54±0.84d 51.01±1.32a PS 

24.20±1.04d 14.74±1.67c 46.19±1.71b PS-1CNPs 

29.14±1.30c 18.27±1.26b 42.10±0.98c PS-2CNPs 

36.12±1.45b 20.82±1.33b 39.52±1.24d PS-3CNPs 

47.11±2.51a 24.91±0.81a 34.29±1.69e PS-4CNPs 
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Table 3. Storage modulus (E’) and glass   transition temperature (Tg) (from the top peak of tan 

δ curve) values of the produced PS-CNPs composites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Tg  (⁰ C) E’ (70 °C) (MPa) E’ (25 °C) (MPa) Samples 

46±2c 90±5d 462±42d PS 

77±6b 197±9c 1258±81c PS-1CNPs 

83±5b 310±19b 1520±69b PS-2CNPs 

101±11a 495±22a 1740±77a PS-3CNPs 

103±8a 510±38a 1810±82a PS-4CNPs 
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Table 4a-d. The colony forming count of a) PS-1CNPs, b) PS-2CNPs, c) PS-3CNPs and d) 

PS-4CNPs films against Escherichia coli and Staphylococcus aureus. 

a 

Contact time Escherichia coli Staphylococcus aureus 

PS-1CNPs PS PS-1CNPs PS 

0 h 1.92×107 1.92×107 1.48×109 1.48×109 

24 h 8.8×106 2.38×107 0 2×109 

Increase or decrease 

percentage 

53.16% decrease 23.95% increase 100% decrease 35.13% increase 

b 

Contact time Escherichia coli Staphylococcus aureus 

PS-2CNPs PS PS-2CNPs PS 

0 h 1.92×107 1.92×107 1.48×109 1.48×109 

24 h 5.8×106 2.38×107 0 2×109 

Increase or decrease 

percentage 

68.02% decrease 23.95% increase 100% decrease 35.13% increase 

c 

Contact time Escherichia coli Staphylococcus aureus 

PS-3CNPs PS PS-3CNPs PS 

0 h 1.92×107 1.92×107 1.48×109 1.48×109 

24 h 4.3×106 2.38×107 0 2×109 

Increase or decrease 

percentage 

77.60% decrease 23.95% increase 100% decrease 35.13% increase 

d 

Contact time Escherichia coli Staphylococcus aureus 

PS-4CNPs PS PS-4CNPs PS 

0 h 1.92×107 1.92×107 1.48×109 1.48×109 

24 h 3.5×106 2.38×107 0 2×109 

Increase or decrease 

percentage 

81.77% decrease 23.95% increase 100% decrease 35.13% increase 
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Figure captions 

Fig. 1. Topography (a) and size distribution (b) of the synthesized CNPs 

Fig. 2. Water absorption capacity of plasticized starch and the resulted nanocomposites 

containing various concentrations of CNPs  

Fig. 3. a) Storage modulus (E’) and b) tan δ as a function of the temperature of the produced 

composites 

Fig. 4. a) The weight loss and process of degradation regarding elapsed time, and, b) the visual 

observation of PS-CNPs composites after exposure to the white rot fungi 

Fig. 5. SEM micrographs of the PS, PS-1CNPs, PS-2CNPs, PS-3CNPs, and PS-4CNPs films 

before (A, B, C, D, and E, respectively) and after white rot fungi degradation (a, b, c, d, and e, 

respectively). 

Fig. 6. Disk diffusion test for Escherichia coli in the case of the PS-1CNPs, PS-2CNPs, PS-

3CNPs, and PS-4CNPs composites, compared to neat PS (a, b, c, and d respectively). 

Fig. 7. Disk diffusion test for Staphylococcus aureus of the PS-1CNPs, PS-2CNPs, PS-3CNPs, 

and PS-4CNPs composites, compared to neat PS (a, b, c, and d respectively). 
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